In Brief
Using a synthetic biosynthetic pathway for the high-value pigment astaxanthin, Lu et al. demonstrate that biotechnologically useful chloroplast transgenes can be moved from a transformable species into a recalcitrant species by horizontal genome transfer.
SUMMARY
Transgene expression from the plastid (chloroplast) genome provides unique advantages, including high levels of foreign protein accumulation, convenient transgene stacking in operons, and increased biosafety due to exclusion of plastids from pollen transmission [1, 2] . However, applications in biotechnology and synthetic biology are severely restricted by the very small number of plant species whose plastid genomes currently can be transformed [3, 4] . Here we report a simple method for the introduction of useful plastid transgenes into non-transformable species. The transgenes tested comprised a synthetic operon encoding three components of a biosynthetic pathway for producing the high-value ketocarotenoid astaxanthin in the plastids of the cigarette tobacco, Nicotiana tabacum. Transplastomic N. tabacum plants accumulated astaxanthin to up to 1% of the plants' dry weight. We then used grafting, a procedure recently shown to facilitate horizontal genome transfer between plants [5] [6] [7] , to let the transgenic chloroplast genome move across the graft junction from N. tabacum plants into plants of the nicotine-free tree species Nicotiana glauca. Transplastomic N. glauca trees expressing the synthetic pathway were recovered at high frequency, thus providing a straightforward method for extension of the transplastomic technology to new species.
RESULTS AND DISCUSSION
We have recently begun to develop design principles for the expression of synthetic operons from the plastid genome [8] . Inclusion of a small RNA element (dubbed intercistronic expression element, IEE [9] ) between the individual cistrons of the operon facilitated processing of polycistronic transcripts into stable monocistronic mRNAs that are efficiently translatable. We applied these construction principles to the astaxanthin pathway ( Figure 1A ). Astaxanthin (3, 3 0 -dihydroxy-b,b-carotene-4,4'-dione) is a high-value ketocarotenoid that is best known for its large-scale commercial use in fish farming to provide the red color to salmon and trout [16] . In addition, it is used industrially as colorant and food supplement, and, due to its extraordinary antioxidant activity, as a pharmaceutical to stimulate immune function and support cancer prevention [17] . Commercial-scale extraction of astaxanthin from marine microorganisms is very costly, and the market price of the pure compound is around US$12,000 per kilogram (http://algix.com/tag/ natural-astaxanthin/). Since plant biomass can potentially provide a much cheaper source, significant efforts have been made to engineer astaxanthin synthesis into seed plants [11, 12, 18, 19] . To express the pathway in plastids, we assembled a synthetic operon consisting of three transgenes (Figures 1B and 1C) : the gene for lycopene b-cyclase from daffodil (NpLyc) previously shown to trigger efficient conversion of lycopene to b-carotene [10] , the gene for b-carotene ketolase from the marine bacterium Brevundimonas (BsCrtW), and the b-carotene hydroxylase gene from the same source organism (BsCrtZ) to convert b-carotene to astaxanthin. Inclusion of the lycopene b-cyclase gene and the design of a plastid-type operon are expected to trigger more efficient synthesis of astaxanthin compared to previous attempts in which the ketolase and hydroxylase genes were expressed from unprocessed dicistronic transcripts [12] . The synthetic operon construct was integrated into a plastid transformation vector containing the selectable marker gene aadA (conferring spectinomycin resistance [13] ) and targeting the transgenes to a neutral insertion site in the plastid genome [20] (Figures 1B and 1C) .
The synthetic operon construct was introduced into the tobacco chloroplast genome by particle gun-mediated (biolistic) transformation followed by selection for spectinomycin resistance. Several independent transplastomic lines were obtained and two lines (subsequently referred to as Nt-AXT-1 and Nt-AXT-2) were selected for in-depth analysis.
To isolate homoplasmic transplastomic lines (i.e., lines lacking residual wild-type copies of the highly polyploid chloroplast genome), we conducted additional rounds of regeneration under antibiotic selection [21] . Subsequent restriction fragment length polymorphism (RFLP) analyses confirmed transformation of the plastid genome, verified correct targeting of the transgenes into the genome by homologous recombination, and provided evidence of homoplasmy of the transformed plastid genome ( Figure 1D ).
To analyze expression of the three transgenes from the synthetic operon, we conducted a set of northern blot experiments ( Figure 1E ). RNA gel blot hybridizations with probes specific to the three transgenes revealed the expected complex transcript patterns that reflect the accumulation of unprocessed precursor transcripts and processing intermediates in addition to the mature monocistronic mRNAs. For all three transgenes, a prominent band corresponding to fully processed monocistronic mRNA accumulated ( Figure 1E ), confirming that the IEE acts as a largely sequence context-independent trigger of intercistronic transcript processing [8, 22, 23] .
When primary transplastomic lines were selected, it became immediately apparent that transplastomic calli and shoots displayed severely altered pigmentation (Figures 2A and 2B ). Both growing calli and regenerating shoots were orange, occasionally (A) Astaxanthin pathway and links to other metabolic pathways. The precursor of carotenoids, geranylgeranyl diphosphate (GGDP), is produced in plastids by the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Here we have used the lycopene b-cyclase from daffodil (orange) to enhance conversion from lycopene to b-carotene [10] and the enzymes CrtW (b-carotene ketolase; blue arrows) and CrtZ (b-carotene hydroxylase; red arrows) from the marine bacterium Brevundimonas to convert b-carotene to astaxanthin. The eight differentially ketolated and/or hydroxylated intermediates are indicated [11, 12] . (B) Physical map of the targeting region in the wild-type tobacco plastid genome (N.t. ptDNA). Genes above the horizontal line are transcribed from left to right, and genes below the line are transcribed from right to left. The location of the two restriction sites used for RFLP analyses and the expected fragment size are indicated. (C) Physical map of the transgenic locus in the plastid genome of transplastomic Nt-AXT lines. The three cistrons in the astaxanthin operon construct are separated by two identical intercistronic expression elements (IEE [9] ). The transgene expression cassette is driven by the rRNA operon promoter from tobacco (Nt-Prrn) fused to the 5 0 UTR from gene10 of phage T7 and followed by the 3 0 UTR from the Chlamydomonas rbcL (Cr-TrbcL) gene. 3 0 UTRs of the tobacco rps16 (Nt-Trps16) and rbcL (Nt-rbcL) genes stabilize the processed monocistronic NpLyc and BsCrtW mRNAs. The selectable marker gene aadA is under the control of a chimeric rRNA operon promoter (Nt-Prrn) and the 3 0 UTR from the tobacco psbA (Nt-psbA) gene [13] . The aadA is flanked by loxP sites and is therefore excisable [14, 15] . Figures 2C-2E ). The same phenotypes were seen upon plant growth under photoautotrophic conditions in the greenhouse ( Figure 2F ). Under these conditions, the Nt-AXT lines showed growth retardation but flowered and produced seeds. Interestingly, the strongly altered pigmentation affected nearly all tissues, including the (non-photosynthetic) inner parts of the stems, the anthers, and the style ( Figures 2G-2K ).
Having obtained seeds from both homoplasmic and heteroplasmic plants, we performed seed assays on antibiotic-free medium and on spectinomycin-containing medium ( Figures  2L-2Q ). Consistent with maternal inheritance of the plastid genome [25] , homoplasmic transplastomic lines gave rise to a uniform population of red seedlings on both spectinomycinfree and spectinomycin-containing media ( Figures 2M and 2P ). By contrast, germinating seeds from heteroplasmic lines showed segregation into green and red seedlings on antibioticfree medium ( Figure 2N ) and segregation into white and red seedlings on spectinomycin-containing medium ( Figure 2Q ). To confirm the high-level astaxanthin accumulation suspected from the visual phenotype of Nt-AXT plants (Figure 2 ), we extracted pigments from leaves and analyzed them by highpressure liquid chromatography (HPLC; Figure 3A ). Wild-type extracts showed the typical profile of the two chlorophylls and the abundant leaf carotenoids lutein, b-carotene, violaxanthin, neoxanthin, and antheraxanthin. By contrast, Nt-AXT plants lacked peaks for all of the abundant carotenoid species in the wild-type and instead showed a prominent peak of astaxanthin ( Figure 3A ) and a few smaller peaks that most likely represent pathway intermediates (i.e., partially hydroxylated and/or ketolated species; Figure 1A ) [12] . This suggests astaxanthin production occurred at the expense of the natural carotenoids and the chlorophylls, which were significantly reduced in the transplastomic lines. Reduced chlorophyll accumulation and the altered carotenoid spectrum most likely explain the delayed growth of the transplastomic plants under photoautotrophic conditions ( Figure 2F ).
To analyze pigment accumulation more systematically and in relation to leaf age, we analyzed a developmental series of six leaves ( Figure 3B ). Astaxanthin levels were highest in young leaves (L1 and L2; Figure 3B ) and declined progressively with leaf age, presumably as the result of photodestruction. Astaxanthin accumulation in young leaves reached 10 mg/g dry weight (equivalent to 1% of the dry weight of the plant), levels that are twice as high as those maximally achieved in previous transgenic expression attempts [12] . Interestingly, the total carotenoid content of young Nt-AXT leaves was strongly elevated (up to 3-fold; Figure 3B ), consistent with previous observations that conversion of b-carotene and natural xanthophylls into astaxanthin deregulates the carotenoid pathway and leads to channeling of additional metabolism into carotenoid biosynthesis [12] .
Light microscopic analysis of mesophyll chloroplasts (Figure 3C ) revealed the presence of big red particles inside chloroplasts of Nt-AXT plants, suggesting aggregation and/or crystallization of astaxanthin or sequestration in lipophilic bodies. Transmission electron microscopy was used to analyze the ultrastructural changes in chloroplasts of Nt-AXT plants. Whereas mesophyll chloroplasts of wild-type cells showed the typical dense network of thylakoids as well as accumulation of starch and a few small plastoglobules ( Figure 3D ), chloroplasts in Nt-AXT cells contained much fewer thylakoids and instead accumulated large amounts of small vesicle-like structures that presumably represent incompletely developed thylakoids [26] . The most striking feature observed in Nt-AXT chloroplasts was the accumulation of clusters of large osmiophilic bodies ( Figure 3D ), similar to the clusters of plastoglobules seen previously in some chloroplast mutants [27] . These large aggregated plastoglobule-like bodies may be equivalent to the red particles observed by light microscopy ( Figure 3C ; Figure S1A ) and thus may represent the sites where the excess astaxanthin accumulates. Their origin from plastoglobules appears likely, given the role of plastoglobules as overflow compartments for excess lipophilic compounds in the chloroplast (including carotenoids [28, 29] ) and the high affinity of the clustered bodies for osmium tetroxide ( Figure 3D ; Figure S1A ).
To determine how channeling isoprenoid precursors into astaxanthin synthesis influences other isoprenoid metabolism pathways, we measured tocopherol accumulation in transplastomic Nt-AXT plants. Tocopherols are lipophilic antioxidants that contain a phytyl diphosphate moiety. Excess tocopherols accumulate in plastoglobules, and enzymes of the tocopherol biosynthetic pathway are physically associated with plastoglobules [28] . Measurement of tocopherol accumulation in a leaf developmental series of wild-type plants and transplastomic plants revealed that the Nt-AXT plants overaccumulate tocopherols to levels that are up to twice as high as in the wild-type ( Figure S1B ). This finding is consistent with the abundant presence of lipophilic plastoglobule-like bodies and moreover indicates that despite the strong overproduction of carotenoids, tocopherol biosynthesis is not limited by provision of isoprenoid precursors.
We next considered expression hosts for astaxanthin production that would be more suitable than the cigarette tobacco, N. tabacum. N. tabacum is a highly poisonous plant because it produces nicotine, one of the most potent toxins in nature. Expression of the astaxanthin pathway in a nicotine-free species would be desirable, ideally in a perennial plant from which the leafy biomass can be harvested repeatedly. A nicotine-free, woody (perennial) species in the Solanaceae family is the tree tobacco, Nicotiana glauca. Due to its high biomass production and growth on marginal land, N. glauca is considered as a potential biorefinery feedstock (e.g., for biofuel production; https://advancedbiofuelsusa.info/could-biofuels-be-producedfrom-a-tobacco-tree/). Recent work using nuclear transformation has demonstrated the capacity of N. glauca to synthesize and accumulate ketocarotenoids [29] . Although no plastid transformation protocol is available for the tree tobacco, our recent discovery that chloroplast DNA travels across graft junctions between scion and rootstock [5] opens up the exciting possibility to exploit horizontal plastid genome transfer as a tool to introduce chloroplast transgenes into species that are recalcitrant to direct genetic transformation of their plastid genomes.
Horizontal plastid genome transfer was allowed to occur by grafting the transplastomic Nt-AXT-1 line onto a kanamycinresistant N. glauca line [6, 30] and vice versa ( Figure 4A ). Detection of plastid genome transfer events was performed by double selection on medium containing spectinomycin and kanamycin. Successful transfer was evidenced by growth of orange callus ( Figure 4B ). On average, two events were recovered per established graft union (15 events from eight grafts), and no significant difference was observed between reciprocal grafts. Resistant calli readily regenerated into plantlets that were orange and showed the characteristic morphology of the tree tobacco (Figures 4C-4F ).
To confirm horizontal genome transfer and thus the transplastomic status of the tree tobacco, we conducted Southern blot experiments with seven independently generated horizontal genome transfer lines (Ng-AXT lines). Six of the lines were homoplasmic for the transferred plastid genome from N. tabacum, whereas one line (Ng-AXT8; Figure 4G ) was heteroplasmic and contained a mix of wild-type N. glauca and transgenic N. tabacum plastid genomes. Transplastomic N. glauca trees flowered ( Figure 4F ), were fertile, and produced fertile seeds. Homoplasmy of the progeny was further confirmed by seed assays ( Figure S2 ).
To analyze carotenoid metabolism in the transplastomic N. glauca lines (Ng-AXT) that had acquired the plastid astaxanthin operon horizontally from Nt-AXT plants, we compared photosynthetic pigment accumulation in the two tobacco species. The pigment profiles in leaves of N. tabacum wild-type plants and N. glauca wild-type plants were very similar ( Figure S3) . Likewise, the profiles of Nt-AXT and Ng-AXT plants were very similar, indicating that transplastomic expression of the astaxanthin operon induces similar metabolic alterations in the carotenoid and chlorophyll biosynthetic pathways of the two species. Ng-AXT plants also showed a similar leaf age-dependent accumulation of astaxanthin ( Figure S4A ) as Nt-AXT plants.
N. tabacum flowers are pink and accumulate anthocyanins. By contrast, N. glauca flowers are yellow and accumulate carotenoids, mainly the yellow xanthophyll lutein [31] . Thus, although expression of the astaxanthin operon did not appreciably change petal color in N. tabacum ( Figures 2J and 2K) , petals of transplastomic N. glauca flowers were deep orange ( Figure 4H ), indicating conversion also of the floral carotenoid pool. Measurements of carotenoid accumulation in flowers revealed that, in contrast to leaves ( Figure S3 ), transplastomic flowers still accumulate significant amounts of non-astaxanthin carotenoids. This is most likely due to the much lower activity of plastid gene expression in non-green tissues and organs [32] [33] [34] . Microscopic investigation confirmed that the change in petal color is due to a corresponding change in plastid color and also showed a very similar accumulation of big red particles in leaf chloroplasts of Ng-AXT plants as had been seen in chloroplasts of Nt-AXT plants ( Figure S4C) .
The successful transfer of the synthetic astaxanthin operon from the cigarette tobacco to the tree tobacco highlights horizontal genome transfer as straightforward method for moving biotechnologically useful transgenes into species for which chloroplast transformation technology is unavailable.
In the course of this work, we have engineered the biochemical pathway for the high-value ketocarotenoid astaxanthin into chloroplasts of N. tabacum and subsequently mobilized the pathway via horizontal genome transfer across graft junctions to obtain transplastomic plants of the tree tobacco, N. glauca. The astaxanthin content achieved by our synthetic operon approach was twice as high as that reported previously for expression of the b-carotene ketolase and the b-carotene hydroxylase in tobacco chloroplasts [12] . We attribute this to two salient features of our synthetic operon design. First, inclusion of a third transgene, the gene for lycopene b-cyclase, enhances flux through the b-branch of carotenoid biosynthesis [10] and in this way stimulates synthesis of b-carotene as the immediate precursor of ketocarotenoids. Second, inclusion of IEEs [9] between the three transgenes in the synthetic operon most likely increases expression efficiency of the transgenes. By mediating intercistronic RNA processing, IEEs have been shown to improve expression especially of downstream cistrons in polycistronic transcripts [8, 22, 23] . The high levels of astaxanthin produced in transplastomic leaves (of up to 1% of the dry weight; Figure 4 ) promise to provide a cost-effective production platform for this high-value, high-demand compound.
Nicotine is one of the most potent toxins in nature. Thus, although N. tabacum is one of the very few plant species that are currently routinely amenable to chloroplast genome transformation, it is not the most suitable host plant to produce biopharmaceuticals, nutraceuticals, or food and feed additives. Extension of the plastid transformation technology to new species, including non-food/non-feed ''pharma crops,'' is therefore of the utmost importance. Here, we have employed a new approach toward extending the species range of the technology. Rather than attempting development of a transformation protocol for the new target species, the biotechnology trait is engineered into the chloroplast genome of a readily transformable species and the transformed genome is then moved across a graft junction into the recalcitrant species by horizontal genome transfer. We have shown that, by simple stem grafting (Figure 4) , the synthetic astaxanthin operon could be moved from N. tabacum into the nicotine-free perennial species N. glauca and induced very similar changes in carotenoid metabolism in the two species ( Figure S3 ). Since widely different plant species can be grafted [35] [36] [37] [38] and plant regeneration from the graft site is fast and simple, this method addresses the most serious limitation of plastid transformation technology and provides a much needed addition to the currently available toolbox for chloroplast engineering. It should be noted, however, that the introduction of a new plastid genome into a given nuclear background has some phylogenetic limitations in that, with increasing phylogenetic distance between the donor species of the plastid genome and the recipient species, plastid-nuclear incompatibilities become increasingly likely [39, 40] .
In summary, our work presented here provides a simple strategy how useful traits encoded by plastid transgenes can be readily transferred into new species, thus bypassing the need for development of a plastid transformation protocol. This method will help with expanding the range of plant species amenable to transplastomic engineering and facilitate new applications in chloroplast biotechnology and synthetic biology.
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Y.L., S.S., and S.A. performed the experiments. All authors designed experiments and analyzed data. R.B. conceived of the study and wrote the manuscript with input from all co-authors. [42] . Regenerated homoplasmic shoots from transplastomic N. tabacum lines were rooted and propagated on the same medium. Rooted plants were transferred to soil and grown to maturity under standard greenhouse conditions (day temperature: 25 C; night temperature: 20 C; diurnal cycle: 16 hr light / 8 hr darkness; relative humidity: 55%). The homoplasmic state of the T1 generation was tested by germinating seeds from selfed transplastomic plants on MS medium [42] with spectinomycin (500 mg/L).
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METHOD DETAILS
Construction of a synthetic astaxanthin operon for plastid transformation The synthetic astaxanthin operon construct was assembled from synthetic transgenes as described previously [8] . Briefly, Brevundimonas sp. strain SD212 crtW and crtZ genes were codon optimized according to the preferred codon usage in the tobacco plastid genome (for nucleotide sequences, accession number in GenBank: MF580999) and a dicistronic construct was chemically synthesized (Epoch Biolab; Missouri City, TX, USA). In this dicistronic construct, crtW was fused to the Shine-Dalgarno (SD) sequence from phage T7 gene 10 and crtZ was fused to an artificial SD sequence (GGGAGGGATTTC). The two reading frames were separated by the restriction sites BamHI and PstI. The 3 0 UTR from the tobacco rps16 gene (Nt-Trps16) followed by the intercistronic expression element (IEE [9] ; ) was inserted into a pBluescript KS vector as SacII/NotI fragment. The synthesized dicistronic fragment was then placed behind the Nt-Trps16-IEE sequence as NotI/SalI restriction fragment. The 3 0 UTR from the tobacco rbcL gene (Nt-TrbcL) with the IEE was subsequently inserted behind crtW as BamHI/PstI fragment. The 3 0 UTR from the Chlamydomonas reinhardtii rbcL gene (Cr-TrbcL) was then cloned into the SalI and XhoI sites. The ribosomal RNA operon promoter from tobacco (Nt-Prrn) fused to the 5 0 UTR from phage T7 gene 10 and the daffodil (Narcissus pseudonarcissus) lycopene cyclase gene (NLyc [10] ; ) were subsequently inserted as SacI/SacII fragment. The resulting tricistronic operon was excised as SacI/XhoI fragment and cloned into plastid transformation vector pKP9 [15] , generating the final plastid transformation construct pAXT ( Figure 1C) . The fully annotated sequence of the entire construct was deposited under the accession number GenBank: MF580999.
Plastid transformation and selection of transplastomic lines
Young leaves from aseptically grown N. tabacum plants were bombarded with plasmid-coated 0.6 mm gold particles (BioRad) using a helium-driven biolistic gun (PDS1000He; BioRad) with the Hepta Adaptor setup and 1,100 psi rupture disks (BioRad). Primary spectinomycin-resistant lines were selected on MS-based plant regeneration medium containing 500 mg/L spectinomycin [13, 20, 41] . To this end, bombarded leaves were cut into small (5x5 mm) pieces, exposed to the surface of the medium in Petri dishes, and incubated for 2-3 months under low-light conditions (< 50 mE m -2 s -1 ). Transplastomic lines growing as spectinomycin-resistant calli or shoots were immediately recognized (and distinguished from spontaneous spectinomycin-resistant lines) by their red color. Several independent transplastomic lines were subjected to two additional rounds of regeneration, by placing tissue explants on MS-based regeneration medium [13, 20, 42] supplemented with spectinomycin (500 mg/L) followed by regeneration into plantlets. This procedure enriches the transplastome and selects for homoplasmic cell lines.
Grafting and selection for intercellular gene transfer Transplastomic N. tabacum plants and transgenic N. glauca plants [6] were reciprocally grafted in vitro by transplanting transgenic scions onto transplastomic stocks and vice versa. Stock and scion were held together with a silicon sleeve ( Figure 4A ) until fusion had occurred. Successful grafting was evidenced by establishment of an inseparable connection between scion and stock, and continued growth of the scion. Identification of horizontal genome transfer events by double selection for kanamycin and spectinomycin resistance was performed exactly as described previously [5, 6] .
Nucleic acid analyses
Total cellular RNA was extracted by a guanidine isothiocyanate/phenol-based method (peqGOLD TriFast; peqlab, Erlangen, Germany). DNA extraction, RFLP analysis by Southern blotting and RNA gel blot analyses were performed as described previously [8] . A 550 bp PCR fragment generated by amplification of part of the psaB coding region using primer P7247 and P7244 [41] and a 283 bp PCR product generated by amplification of the psbZ coding region using Pycf9a and Pycf9b [9] were used as RFLP probes to confirm plastid genome transformation and assess the homoplasmic state of transplastomic lines. Horizontal genome transfer was verified by digestion of N. glauca DNA with the restriction enzymes MluI und AgeI and hybridization to an rps14-specific probe generated by PCR with the primers Prps14F and Prps14R. Transgene-specific probes for Northern blot analyses were generated by excising the complete coding regions of the target genes from plasmid clones.
HPLC and UPLC analysis of pigments and tocopherols Pigments (chlorophylls and carotenoids) were isolated from samples of lyophilized leaf powder and analyzed by HPLC or UPLC. For HPLC analysis, pigments were extracted with 80% (v/v) acetone followed by two extractions with 100% acetone. Subsequently, the three acetone extracts were combined and analyzed using the Agilent 1100 Series HPLC system with a YMC ODS-A 250 3 4.6 mm column. Pigment separation, identification and quantification were carried out as described previously [10] . Peaks were detected by their absorption at 455 nm, and individual pigment species were identified and quantified by comparison with known amounts of pure standards. For UPLC analysis, samples of 40 mg of ground frozen leaf tissue were extracted with 500 mL acetone under shaking at 1400 rpm for 20 min and then centrifuged at 12,000 rpm at 4 C for 5 min. The solvent was collected in a fresh tube and the acetone extraction step was repeated twice with 250 mL of acetone each. The collected supernatants were combined (1 mL) centrifuged and 500 mL were used for metabolite quantification using a Waters Acquity UPLC H-Class System with an Acquity UPLC HSS T3 1.8 mm, 2.1 3 50 mm column. Pigments were separated in a standard gradient of two solvents (Solvent A: 80% acetonitrile, 20% water; Solvent B: 80% acetonitrile, 20% tetrahydrofurane) and detected by their absorption at 450 nm.
Tocopherols were extracted from leaves and analyzed by HPLC as described previously [8] .
Sample preparation for microscopy For light microscopy, plant leaves were cut into small pieces and either embedded in agar and directly cut with a microtome or, alternatively, fixed by submerging in fixation buffer (3.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2) in 2 mL Eppendorf tubes. The tubes were then treated in a speed vacuum concentrator until the pieces sank to the bottom. Afterward, the samples were placed in darkness at 4 C for 1 hr. The fixation buffer was then replaced by 0.1 M Na 2 EDTA followed by overnight incubation at 4 C. Afterward, the samples were incubated at 60 C with vigorous shaking for 2 hr. The tissue was then placed between the microscope slide and the coverslip and cells were released by softly tapping the coverslip. Images were obtained with an Olympus Epi-Fluorescence Microscope (BX-51). Sample preparation for transmission electron microscopy was performed essentially as described previously [43] . Briefly, leaf samples were fixed in 2.5% glutaraldehyde in 0.2 M sodium cacodylate (pH 7.4) for at least 8 hr. Post-fixation with 2% osmium tetroxide was performed in the same buffer for 4 hr. Afterward, the samples were rinsed in cacodylate buffer, dehydrated and embedding in Spurr's epoxy resin (Sigma-Aldrich). Thin sections were cut with diamond knives, stained with 2% uranyl acetate and lead citrate and examined in a Zeiss EM 912 Omega transmission electron microscope (Carl Zeiss).
QUANTIFICATION AND STATISTICAL ANALYSIS
For metabolite measurements (carotenoids and tocopherols), three to four different plants per line were measured, as indicated in the relevant figure legends ( Figure 3B ; Figure S1B ; Figure S4A ). All data are presented as means ± SD.
DATA AND SOFTWARE AVAILABILITY
The sequence of the synthetic pAXT operon has been deposited in the GenBank Nucleotide Sequence Database at NCBI under the accession number GenBank: MF580999.
